Foraging honeybees hover for a time over a novel feeding place "as though ... closely observing [its] characteristic features," not only before landing to feed, but again before leaving for the hive (von Frisch, 1967, p. 469) , and there is reason to assume that something is learned at least about the location of the feeding place on departure. The assumption is implicit in our standard method of recruiting subjects for learning experiments. A forager picked up in a match box at a feeder stocked with 10%-12% sucrose solution and placed at a drop of 50% sucrose solution on the sill of a laboratory window (where it feeds to repletion) usually returns to the window on its next trip from the hive.
Learning on departure from a feeding place is interesting, as Hannes (1930) was perhaps the first to recognize, because it implies (excitatory) backward conditioning, the reality of which, although long denied (Pavlov, 1927) , continues to be affirmed in the vertebrate literature (e.g., Ayres, Haddad, & Albert, 1987; Hearst, 1989; Pinel, Mana, & Wilkie, 1986; Wagner & Brandon, 1989) . Our primary interest here is in the more radical claim by Gould (1982, pp. 252-253 ) that certain features of a feeding place, such as its color, are learned about "only" on arrival and those of surrounding landmarks "only" on departure, which was advanced in support of his conception of learning in honeybees as "instinctive or programmed" (see also Gould, 1986 )-a conception rather different from that suggested by the comparative work of our own laboratory (Bitterman, 1988) . "It is as if bees possess a set of switches which turn color and landmark learning on and off at certain times and in certain situations," Gould (1982, pp. 253-254) wrote, and Menzel (1990) in the same vein referred to "Programmed Sequential Memory Retrieval" (p. 251). In our opinion, the evidence is not convincing. Opfinger (1931) measured color preferences after training in which the color of the feeding place was changed during each visit. The color present on arrival was strongly preferred to colors present during feeding or on departure, from which Opfinger concluded that only the arrival color was learned, although she recognized that the preference did not entirely rule out the possibility that there had been some learning about the other colors as well. Her caution was justified by the later work of Grossmann (1970) who found, for example, that animals trained with a target that was orange throughout each visit preferred orange to blue more strongly than did animals trained with a target that was orange on arrival and blue on departure; if color were learned only on arrival, the change ought to have made no difference. There is also a report by Menzel (1968) of learning about color introduced immediately after the beginning of feeding. Although the available evidence of learning about the color of a feeding place after arrival may be less than convincing, there is little reason to be confident that it does not occur. Opfinger (1931) studied learning about landmarks (raumlich Merkmale) in the same general way as learning about color, moving the landmarks or moving the animals in relation to the landmarks after feeding began, and she concluded on the basis of choice tests that nearby landmarks (set just beside a feeding dish or up to 20 or 35 cm away from it) were learned about only on arrival. In one of her experiments, for example, animals that flew into an open (10 x 10 x 10 cm) box that was removed while they were feeding later preferred the box, although animals for which the box had been introduced while they were feeding avoided it. In another experiment, Opfinger obtained the same results with a (9 x 2 x 2 cm) tower immediately adjacent to the feeding dish. It was surprising, she wrote, that nothing seemed to be learned about the relation between such striking objects and food in the course of the orientation flights that typically preceded departure for the hive. Opfinger did find evidence of learning about the wider environment of the feeding place on departure, although not exclusively on departure; learning on arrival 177 continued to be evident. Otto (1959) moved foragers over substantial distances while they were feeding and then observed their dances, which typically seemed to signal distances or directions from the hive intermediate between those of the arrival and departure places. Opfinger's (1931) conclusion that nearby landmarks are learned about only on arrival may be questioned on the basis of some recent work by Gould (1988) who bracketed a feeding hole with a pair of identical objects 15 cm to either side of it and changed their color or their shape (by turning them upside down) after feeding began. (The objects were yellow and blue blocks, the various dimensions of which ranged from 2.2 to 6.6 cm.) In subsequent choice tests, colors and shapes present on departure were preferred to colors and shapes present on arrival, from which Gould concluded that learning about the colors and shapes of landmarks takes place on departure. It is logical, he wrote, that an animal ought to "wait to learn" about landmarks surrounding a flower until it determines "if the flower provides a reward, and so is worth remembering" (Gould, 1988, p. 375 )-an argument that could, of course, have been made as well about the color and shape of the flower, which, according to Gould, are "learned during approach" (p. 375). Opfinger's caution must be remembered in interpreting Gould's results, which show that some learning about nearby landmarks may take place on departure, but not only on departure. Opfinger's and Gould's results taken together suggest that there is learning about nearby landmarks both on arrival at a feeding place and on departure, a conclusion supported by the results of the experiments that we report in this article.
Experiment 1
Honeybees presented with targets of two different colors on the sill of a training window can learn to choose between them on the basis of color independent of position or on the basis of position independent of color (Couvillon, Klosterhalfen, & Bitterman, 1983; Klosterhalfen, Fischer, & Bitterman, 1978) . To the extent that the position of a target on the sill is given by proximity to distinctive features of the surround, learning about position reduces to learning about nearby landmarks, and the question of when in the course of a visit an animal learns about such landmarks can be studied conveniently by moving the animal from the correct position to the alternative position after it has landed and begun to feed. If something is learned about nearby landmarks on departure, choice of the correct position on arrival will be impaired by the change in position. If nothing at all is learned about the landmarks on arrival, the problem may be insoluble.
Method
Subjects. The subjects were 16 honeybees (Apis mellifera), which were foraging for nectar. They came from our own hives in the vicinity of the laboratory, and all were experimentally naive.
Procedure. The animals were pretrained individually to fly from the hive to the laboratory and drink from a large drop of 50% sucrose solution on a target centered on the sill of an open laboratory window. The target was a petri dish, 5 cm in diameter, covered with blue plastic, and the window opening was 50 cm wide. An animal selected at random from a group of foragers at a feeding station equipped with ajar of 10%-12% sucrose solution was captured in a match box, carried to the window, and placed on the target. There it was permitted to drink its fill (during which time it was marked with an identifying spot of colored lacquer) and then to fly back to the hive. Typically, the animal returned to the window in a few minutes and continued to shuttle back and forth between the hive and the window as long as food was available there. If the marked bee did not return to the window after its first placement, it was picked up at the feeding station (where it usually could be found) and placed again on the target; no more than two placements were necessary. The pretraining ended with the animal's second return of its own accord.
In the experiment proper, the honeybees were divided into two groups of 8 animals and were trained individually in 12 visits. Arriving from the hive, each animal was given a choice of two targets (like the pretraining target) that were set on the window sill, 34 cm apart. One target was at the extreme right of the sill, about 3 cm from the window frame, and the second was at the extreme left, again about 3 cm from the frame. The choice was recorded, and correction of error (defined as any contact at all with the target that contained water) was permitted. After the animal found the sucrose, it fed to repletion and then left for the hive. To randomize irrelevant stimuli, the targets used on each visit were drawn from a pool of identical targets to which they later were returned after washing. For half the animals in each group, the target at right contained a large drop of 50% sucrose solution and the target at left a large drop of tap water, which was unacceptable to the animals and distinguishable from the sucrose only by taste; for the remaining animals, the sucrose was at left and the water at right.
The treatment of the two groups differed only after the beginning of feeding on each visit. For the experimental animals, position was reversed during feeding. If, for example, the rewarded position was the left, the target at right was discarded and the target at left with the still-feeding animal was moved to the right, so that it was from the right that the animal departed after feeding to repletion. That is, the arrival and departure positions were different. For the control animals, the arrival and departure positions were the same. If, for example, the rewarded position was the left, the target at right was discarded (as in the experimental treatment), after which the target at left with the still-feeding animal was moved to the center of the window sill and back again to the left, so that it was from the left that the animal departed for the hive. Feeding was not interrupted by the movement.
On the 13th visit, position preference was measured in an extinction test. Arriving from the hive, each animal found two targets in the same positions as before, but both now contained water. Upon encountering water on one of the targets, the animal left it, then returned to it or went to the other, left and returned again (often only briefly, with no attempt to drink), and so forth; the interval between successive responses increased as the test continued. All actual contacts with each target, however brief, during a 10-min period were recorded by the experimenter, who pressed one of two hand-held switches that activated counters programmed to print stored frequencies at 30-s intervals. (These temporal parameters-the 30-s cumulation interval and the 10-min duration of the test-are used routinely in our laboratory.)
Results
In Figure 1 , performance in the 12 training visits is plotted in terms of the proportion of animals in each group that chose correctly on each visit. As the curves show, the performance of the control group was better than that of the experimental group. The median number of initial correct choices in the 12 visits was 10.5 for the control group and 7.0 for the experimental group, a significant difference by Fisher's exact test (p -.0035). The curves also suggest that by the end of training, the experimental group had caught up with the control subjects, an impression confirmed by the extinction results. In Figure 2 , performance in the extinction test is plotted in terms of the mean cumulative number of responses to the targets in the two positions (the arrival position vs. the alternative position) over successive 30-s intervals. The curves show the same clear preference for the arrival position in both groups. Analysis of variance (in accordance with our standard procedure on uncumulated frequencies of response in 30-s intervals in blocks of 5) yielded a significant position effect, F(l, 14) = 15.65, p = .0014, but neither a significant groups effect, F(\, 14) < 1, nor a significant Group X Stimulus interaction, F( 1,14) < 1. To the extent that the discrimination of position is based on the discrimination of unspecified nearby landmarks, these results show learning about them both on arrival and on departure. The poorer performance of the experimental group in the choice training provides clear evidence of learning on departure, and its ultimate preference for the arrival position shows learning on arrival as well.
Experiment 2
The design of this experiment was much like that of the first, but a distinctive object served as the landmark and the position of the animal relative to the landmark was changed during feeding by moving the landmark instead of moving the animal.
Method
Subjects. The subjects were 18 foragers, all experimentally naive, from our own hives.
Procedure. The work was done in a sheltered space in back of the laboratory. The targets were squares of opaque beige Plexiglas, 5 cm on a side and 0.5 cm thick, presented on the resined top of a wooden table, 60 x 96 cm, arranged with its long axis perpendicular to the flight path from the hive. The beige targets were chosen to provide very little contrast with the color of the table top. The landmark was a blue wooden block (9x4x4 cm) immediately adjacent to one of the targets and behind it from the vantage point of the approaching animal, with the longest axis of the landmark parallel to that of the table.
In the pretraining an individual forager was carried from a feeding station and placed on a single target in the center of the table with the landmark in position behind the target. The target contained a large drop of 50% sucrose solution from which the animal fed to repletion before leaving for the hive. On the animal's first return to the table, it found the centered target and landmark again, but now, if it belonged to the experimental group (n = 9), the landmark was removed after the animal landed and began to feed; for animals in the control group (n = 9), the landmark remained throughout the visit. The subsequent training consisted of a series of 16 visits on each of which two targets were presented, 30 cm apart on a line parallel to the long axis of the table. Immediately behind one of the targets, the right on half the visits and the left on the rest (in quasi-random order), was the landmark, and that target always contained a drop of sucrose. The alternative target always contained a drop of water.
Choice was recorded, correction of error (any contact at all with the target that contained water) was permitted, and after the animal found the sucrose, it fed to repletion and then left for the hive. As in pretraining, the landmark remained throughout each visit for the control animals but was removed after feeding began for the experimental animals.
Results
In Figure 3 , performance in the 16 training visits is plotted in terms of the proportion of animals in each group that chose correctly on each visit. As the curves show, an effect of the differential pretraining was evident from the outset: Eight of the 9 control animals and only 2 of the 9 experimental animals chose the target near the landmark on the first visit (Fisher's exact p = .0074). In subsequent visits the control animals continued to perform well, whereas the experimental animals continued to make more errors. The median number of initial correct choices in the 16 visits was 13 for the control group and 10 for the experimental group (Fisher's exact p = .0017). These results, like those of Experiment 1, show learning about the landmark both on arrival and departure. The poorer performance of the experimental group as compared with the control group shows learning on departure, and the betterthan-chance performance of the experimental group (number of correct choices, M = 10.00, SE = 0.69, p < .05), however poor, shows learning on arrival as well.
Experiment 3
In Experiment 2, approach to the landmark was differentially reinforced, which may in some sense have produced attention to the landmark that normally would not be given. Opfinger (1931) also used differential reinforcement, and so did Gould (1988) who bracketed with landmarks the only one of an array of 225 holes that contained sucrose solution. In this third experiment, in any case, the training was with a single target that always contained sucrose. For four different groups of animals, the landmark was present either throughout each visit, only on arrival, only on departure, or not at all, and the effect of the training was measured in a subsequent extinction test with two targets, one near and the other remote from the landmark. A fifth group was trained with the landmark present only on departure and then tested in extinction with two targets near landmarks of different color (the training color and a novel color). The purpose of the fifth group was to determine whether anything was learned about the color of the landmark on departure.
Method
Subjects. The subjects were 41 foragers, all experimentally naive, from our own hives.
Procedure. The setting of this experiment was the same as that of Experiment 2. Both in the pretraining (the initial placement of animals carried to the table from the feeding station) and in six subsequent training visits, a single beige target that contained a drop of 50% sucrose solution was placed at the center of the table. The landmark manipulation for each group of animals was the same in pretraining as in training. For Group LL, the landmark was always present; for Group LN, it was present on arrival and removed when feeding began; for Groups NL and NLc, it was absent on arrival and added when feeding began; for Group NN, it was absent throughout. For all groups except NLc, which was used out of interest in what was learned about color, the landmark was blue as it was in the previous experiment; in the case of Group NLc, it was blue for half the animals and orange for the rest. There were 8 animals in each group except NL, in which (through oversight) there were 9.
On returning from the hive after six training visits, each animal was given an extinction test with two beige targets, 30 cm apart, both of which contained drops of water. For Groups LL, LN, NL, and NN, the blue landmark was behind one of the targets (the left for half the animals in each group, the right for the rest). For Group NLc, there was a blue landmark behind one of the targets and an orange landmark behind the other, their positions balanced over animals. All actual contacts with each target (exclusive of the landmark or landmarks, which were almost never touched independently of the adjacent targets) were recorded as usual in a 10-min period.
Results
In Figure 4 , the extinction performances of the Groups LL, LN, NL, and NN are plotted in terms of the mean cumulative number of responses to each target (with or without a landmark) in successive 30-s intervals. The curves show a strong preference for the landmark in Group LL, a weaker preference for the landmark in Group LN, a correspondingly weak preference for the target with no landmark in Group NL, and a strong preference for the target with no landmark in Group NN, a pattern that suggests learning both on arrival and departure. If nothing were learned on arrival, the performance of Groups LL and NL would have been the same, and the performance of Groups NN and LN would have been the same. If nothing were learned on departure, the performance of Groups LL and LN would have been the same, and the performance of Groups NN and NL would have been the same. Overall analysis of variance yielded a negligible stimulus (landmark vs. no landmark) effect, F(l, 29) < 1, but significant interactions of Stimulus X Arrival Condition, F(l, 29) = 25.61, p < .0001, and Stimulus X Departure Condition, F(l, 29) = 5.25, p = .0293. Subsequent analyses showed a significant preference for the landmark target in Group LL, F(\, 7) = 17.76, p = .0040, but not in Group LN, F(l, 7) = 1.21, p = .3076, and a significant preference for the target with no landmark in Group NN, F(l, 7) = 18.31, p= .0037, but not in Group NL, F(l, 8) = 2.05, p = .1897. These results point again to landmark learning both on arrival and on departure: The target near the landmark was preferred in the test only if the landmark had been present both on arrival and on departure, and the target with no landmark was preferred only if the landmark had been absent both on arrival and departure. The suggestion in the results for Groups LN and NL that the arrival condition was preferred to the departure condition (Group LN responded more to the target near the landmark, and group NL more to the alternative) is without statistical support, for stimuli (arrival vs. departure), F(l, 15) = 4.15, p = .0963, and for the interaction of stimulus and (2.5-min) test interval, F(3, 45) = 1.16, p = .7435.
That something is learned about the color of the landmark on departure may be concluded from the results for Group NLc, which was tested with two landmarks, one of the training color and one of the alternative color. Figure 5 shows a clear preference for the training color, which analysis of variance proved to be significant, F(l, 7) = 12.39, p = .0097.
Experiment 4
In this experiment we were concerned with learning about shape. Three groups of animals were trained as were Groups LL, LN, and NL in Experiment 3 with a landmark present either throughout each visit, only on arrival, or only on departure. The choice offered in the extinction test was between a target near the landmark used in training and a target near a landmark of the same color but of different shape.
Method
Subjects. The subjects were 30 foragers, all experimentally naive, from our own hives.
Procedure. The general conditions of this experiment were the same as those of Experiment 3. So also were the pretraining and the training of the three groups-LLs, LN S , and NLs («s = 10)-with one exception: For half the subjects in each group, the blue wooden block (9x4x4 cm) that served as the landmark was presented as before, immediately behind the target (from the vantage point of the approaching animal) with its longest axis parallel to the long axis of the table; for the remaining subjects, the longest axis of the block was perpendicular to the surface of the table, which is to say that the shape of the landmark was vertical rather than horizontal. In the extinction test, which followed six training visits, there was a block behind each of the two targets, one block in the training orientation and the other in the alternative orientation.
Results
In Figure 6 , the extinction performance of the three groups is plotted in terms of mean cumulative response to the targets in successive 30-s intervals. Analysis of variance yielded a significant stimulus (training shape vs. novel shape) effect, P(l, 29) = 15.28, p = .0006, and a significant Group x Stimulus interaction, F(2, 27) = 5.56, p = .0095. Subsequent analyses showed a significant preference for the training shape in Group LLs, F(l,9) = 23.46, p = .0009, but not in Group LN S , F(l, 9) < 1, or in Group NLs, F(l, 9) = 2.90, p = .1227. These results point again to learning both on arrival and departure: The training shape was preferred to the novel shape in the test only if the landmark was present throughout each visit.
Experiment 5
The performance of Group NLc in Experiment 3 showed learning about the color of a landmark on departure. To round out the picture, we trained two further groups, one with the landmark present throughout each visit and the second with the landmark present only on arrival, and then tested them with landmarks of the training color versus a novel color.
Method
Subjects. The subjects were 16 foragers, all experimentally naive, from our own hives.
Procedure. Two groups-LLc and LNc («s = 8)-were trained as were Groups LLs and LN S of Experiment 4, with two exceptions. One exception is that the color of the (horizontal) block rather than its orientation was varied, and the second is that the work was done at a laboratory window instead of at a table in back of the laboratory. The landmark was present throughout each visit for Group LLc, and for Group LNc it was removed after feeding began. For half the subjects in each group, the landmark was blue, and for the rest it was orange. In the extinction test there were two targets, with a landmark of the training color behind one and a landmark of the alternative color behind the other (position balanced over animals), and contacts with the targets were recorded in the usual way.
Results
In Figure 7 , the extinction performance of the two groups is plotted in terms of mean cumulative response to the targets in successive 30-s intervals. As the curves show, there was a pronounced preference for the training color in both groups. Analysis of variance yielded a significant stimulus (training color vs. novel color) effect, F(l, 14) = 30.29, p < .0001, with no significant Group x Stimulus interaction, F(l, 14) < 1. Subsequent analyses showed a significant preference for the training color both in Group LLc, F(l, 7) = 19.98, p = .0029, and in Group LN C , F(l, 7) = 11.39, p = .0118. It is clear from these results that something about landmark color is learned on arrival. In view of the results for Group NLc of Experiment 3, which show learning about landmark color on departure as well, the equal performance of the two groups in Experiment 5 probably reflects a ceiling effect. 
Discussion
Honeybees learn about landmarks near a feeding place, not on arrival alone as Opfinger (1931) concluded, and not on departure alone as Gould (1988) concluded, but both on arrival and departure. The results provide no evidence of uniqueness in the learning of honeybees. Learning on arrival, which may be thought of as forward conditioning, is consistent with expectations from work with other animals; given the many and detailed similarities between the learning of honeybees and vertebrates that already have been found (Bitterman, 1988) , failure to find learning about an adjacent landmark on arrival might more reasonably have been attributed to inadequacies in experimental technique than to adaptive specialization. Learning on departure suggests excitatory backward conditioning, the possibility of which, however resistant it may be to theoretical analysis, certainly has not been ruled out in other animals. What Gould (1982) has said of learning in honeybees-that it is instinctive or programmed-holds, of course, for all animals in the broad sense that learning does not occur in a vacuum but is constrained by structure. What we have been unable to confirm in our experiments is the narrower implication that there are special constraints on the learning of honeybees.
An interesting feature of our results is that they are somewhat clearer for color than for shape. Whether a landmark was introduced only after feeding began on each visit or was present on arrival and removed after feeding began, it was preferred in a subsequent choice test to a landmark of the same shape and different color (Groups NLc of Experiment 3 and LN C of Experiment 5), but no corresponding preferences were found when shape rather than color was varied (Groups NLs and LN S of Experiment 4). The evidence for learning about shape both on arrival and on departure is that there was a preference for the training shape only after training in which the landmark was present throughout each visit (Group LLs in Experiment 4). A possible explanation of the different results for color and shape is that the two colors used were more discriminable than the two shapes, an explanation that can be tested by repeating the experiment with colors and shapes selected for equal discriminability, as in previous work with colors and odors selected for equal discriminability (Couvillon & Bitterman, 1987) . Another possibility is that the temporal contiguity with food was better for color than it was for shape, which may have been detectable by the animals only at a greater distance from the target (Hannes, 1930) . This explanation suggests that (given equal discriminability) the results for color and shape would be the same if the landmark were further away from the target.
It must be emphasized that the object used as a landmark in Experiments 2-5 was immediately adjacent to the target on which the animals fed. Although the object was a landmark in the sense that the animals were not required to make contact with it while they fed, one may be tempted to think, paraphrasing Gould's (1988, p. 373 ) comment on some of Opfinger's (1931) results, that the animals nevertheless treated it as a flower, but even so the results would not meet Gould's expectations. If the object functioned as a landmark, nothing should have been learned about it on arrival; if it functioned as a flower, nothing should have been learned about it on departure. Was the object part of a flower on arrival and a landmark on departure? How does one classify the stimuli correlated with position that were found to acquire control of performance both on arrival and on departure in Experiment 1?
It seems better to abandon such intuitive notions as flower and landmark in favor of an analysis in terms of the particular stimuli that act on the animal at each stage of a visit. Menzel's (1990) distinction between "visual signals in the immediate surround of the food site ('close signals')" and "larger objects that are a few meters away from the food source" (p. 251) is a good beginning, although his assumption that close signals are not learned on departure is contradicted by Gould's (1988) results and by ours. Opfinger's (1931) results certainly suggest that spatial contiguity of signal and food will prove to be an important variable in the discriminative learning of honeybees, as it has proved to be in the discriminative learning of various vertebrate species; the most effective discriminative training procedures for monkeys (e.g., McClearn & Harlow, 1954) , rats (e.g., Wodinsky, Varley, & Bitterman, 1954) , and pigeons (e.g., Gonzalez, Berger, & Bitterman, 1966) are those in which the locus of stimulus, response, and reinforcement is the same. An interesting question is whether learning depends on spatial contiguity with reward in the same way at each stage of the visit.
The learning on departure found in these experiments cannot without further analysis be interpreted as excitatory backward conditioning. The term on departure actually is misleading; it must be taken in the sense of after arrival, because the contextual changes occurred before departure, while the animals were feeding. Although the sequence of events-food, then change in stimulation-was literally backward, there was considerable opportunity (about a minute of concurrent exposure) for simultaneous conditioning. There is some question, however, whether honeybees are capable of processing visual stimuli while they are feeding or simply not flying (Walker, Baird, & Bitterman, 1989) . Menzel (1968) found learning about a color introduced up until 1 s or so after feeding began but not later. In Gould's (1988) work with landmarks, he reported that it made no difference whether or not they could be seen by the animals during feeding.
Although there is a strong tendency in thinking about these results to focus exclusively on the association of color and shape with the taste of the sucrose being ingested, other possibilities must be considered. Color and shape perceived on departure may acquire appetitive properties, not by backward association with the taste of the sucrose but by association with concurrent postingestive (interoceptive) events. It is possible, furthermore, that some role is played by associations formed between exteroceptive stimuli of a variety of modalities that are encountered concurrently either before landing or on departure. We are led to this suggestion by the fact that within-compound association such as is found in rats (Rescorla & Durlach, 1981) occurs also in honeybees (Couvillon & Bitterman, 1982) : After several presentations of a colorodor compound (whether or not reinforced), the properties of each component will vary as a function of the subsequent treatment of the other; if, after experience with the compound, one component is given excitatory properties, the other also becomes excitatory. Further progress in the analysis of what is learned at each stage of a visit to a feeding place will require considerable ingenuity because of a difficulty inherent in work with free-flying honeybees, which is that the animals must be counted on to expose themselves to the relevant stimuli.
